We studied a consanguineous family (Family A) from the island of Newfoundland with an autosomal recessive form of prelingual, profound, nonsyndromic sensorineural hearing loss. A genome-wide scan mapped the deafness trait to 10q21-22 (max LOD score of 4.0; D10S196) and fine mapping revealed a 16 Mb ancestral haplotype in deaf relatives. The PCDH15 gene was mapped within the critical region and was an interesting candidate because truncating mutations cause Usher syndrome type IF (USH1F) and two missense mutations have been previously associated with isolated deafness (DFNB23). Sequencing of the PCDH15 gene revealed 33 sequencing variants. Three of these variants were homozygous exclusively in deaf siblings but only one of them was not seen in ethnically matched controls. This novel c.1583 T4A transversion predicts an amino-acid substitution of a valine with an aspartic acid at codon 528 (V528D). Like the two DFNB23 mutations, the V528D mutation in Family A occurs in a highly conserved extracellular cadherin (EC) domain of PCDH15 and is predicted to be more deleterious than the previously identified DFNB23 missense mutations (R134G and G262D). Physical assessment, vestibular and visual function testing in deaf adults ruled out syndromic deafness because of Usher syndrome. This study validates the DFNB23 designation and supports the hypothesis that missense mutations in conserved motifs of PCDH15 cause nonsyndromic hearing loss. This emerging genotype -phenotype correlation in USH1F is similar to that in several other USH1 genes and cautions against a prognosis of a dual sensory loss in deaf children found to be homozygous for hypomorphic mutations at the USH1F locus.
Introduction
An estimated 1% of all protein-coding genes in the human genome are involved in the perception of sound. Hearing loss is the most frequent form of sensory deficit in the world and is often genetic, with more than 400 syndromic types of deafness having been described (www.ncbi.nlm. nih.gov/omim). The majority of human deafness genes have been mapped using extended multiplex families from genetic isolates characterized by phenotypic and genetic homogeneity. The population of the island of Newfoundland is young (o20 generations) with features that make it an excellent resource for mapping disease genes. 1 The island was colonized by 18 000 -20 000 northern Europeans from southeast England and southwest Ireland who prosecuted the mercantile fishery in the 18 -19th centuries off the coast of Newfoundland. 2 The island population grew almost exclusively from a natural expansion of these English and Irish settlers. Geographic and religious segregation of outport communities have resulted in multiple genetic isolates characterized by high inbreeding coefficients. 2 -5 Several genes underlying medically important disorders have been mapped and identified, 6 -11 including the recent discovery that a novel gene causes an autosomal dominant form of sudden cardiac death because of lethal arrhythmias. 12 A disproportionate number of deaf children reside on Newfoundland's south coast, a region experiencing persistent isolation because of a lack of roads and limited coastal boat service. We have identified three extended multiplex families with neurosensory hearing loss (Figure 1a) , two with autosomal recessive prelingual deafness (Families A and B) and one with a rare form of low frequency loss segregating as an autosomal dominant trait (Family C). We previously used a traditional linkage approach to reveal that a missense mutation in the WFS1 gene causes low frequency hearing loss in Family C. 9 As of this report, the WFS1 gene reportedly accounts for the vast majority of cases of low frequency hearing loss worldwide, 13,14 a gene previously associated with a syndromic form of optic atrophy (Wolfram syndrome, OMIM no. 222300). Similarly, functional candidate gene screening in Family B revealed that profound deafness was because of homozygosity or compound heterozygosity for two mutations in TMPRSS3. 15 We report here that nonsyndromic deafness in Family A maps to 10q21 and show that deaf relatives are homozygous for an ancestral haplotype and a novel missense mutation in PCDH15.
Materials and methods
Family A: Geographical location and clinical assessment Family A migrated from England in the early 1800s to settle a fishing outport on Newfoundland's south coast. Persistent isolation is a feature of this coastline because of a lack of roads (Figure 1a (Figures 2 and 3 ). Complete physical, visual and vestibular exams were carried out on two deaf adults homozygous for the V528D mutation in PCDH15.
Linkage analysis and gene identification Genomic DNA from 37 relatives was isolated from blood. 16 The proband ( Figure 5 , PID IV-4) was tested for mutations previously identified in the population: GJB2, GJB6, TMPRSS3 and WFS1 (Young, unpublished data 17 and CDH23 (NM_022124) 18 and run on an ABI 3130xl/3700 DNA analyzer (Applied Biosystems). Electropherograms were imported into Mutation Surveyor (version 3.2, Transition Technologies) and haplotypes were constructed manually and ethnically matched populationbased controls were run to determine allele frequencies. 19 Evolutionary conservation of PCDH15 was determined using ClustalW, Swiss-Prot, TrEMBL, Expasy and displayed with Weblogo. 20 -22 The effects of amino-acid substitutions on protein function 22 and splicing 23 were also predicted (specific analyses are available upon request).
Results
Genome-wide scan maps deafness to 10q21-22 and reveals an ancestral haplotype The proband and several affected members were screened for mutations in GJB2, GJB6, WFS1, and TMPRSS3 and none were found. A 10 cM genome-wide scan mapped the deafness trait to 10q21-22 with a maximum LOD of 4.0 at D10S196 (Figure 4 ). Genotyping markers flanking D10S196 revealed that deaf individuals in three of the four sibships were homozygous for a 16 Mb ancestral haplotype ( Figure 5 ). Key recombinations in deaf (PID III-16, IV-2, IV-4) and hearing (PID III-14) individuals defined the critical region (D10S1220-D10S1646; Figure 5 ) that included 44 annotated genes, and overlapped with the Usher syndrome type IF (USH1F; PCDH15 gene) locus.
Sequencing and bioinformatics evaluations of PCDH15 sequencing variants Direct sequencing of the 33 exons and intron -exon boundaries of PCDH15 (isoform A; Figure 6b ) revealed 33 variants in deaf relatives (Supplementary Table 1 ). Deaf individuals were homozygous for three of these (c.55 T4G: p.S19A, c.1583 T4A: p.V528D and c.3502-19 C4A). The c.55 T4G variant was observed in 37% of ethnically matched population controls. The c.3502-19 C4A variant is noncoding, is not predicted to alter splicing, and was observed in 6% of controls (Table 1 ). In contrast, the c.1583 T4A transversion ( Figure 6a ) predicts a substitution of a valine with aspartic acid (V528D) in the highly conserved fifth ectodomain (EC5) of protocadherin-15 (Figures 6c and 7) and was not observed in the controls (Table 1 ). In fact, the V528D mutation is predicted to be more deleterious than the R134G and G262D mutations identified in Pakistani families ( Figure 7 , Table 2 ), and we conclude that it causes nonsyndromic hearing loss in Family A.
Search for the second pathogenic allele in deaf heterozygotes of PCDH15 Deaf family members in three of the four affected sibships ( Figure 5 ) were homozygous for both the ancestral haplotype and the V528D missense mutation. However, the deaf offspring of PIDs II-2 and II-3 (PIDs III-1, III-2, III-3, and III-5) inherited a single copy of the ancestral haplotype and the V528D mutation. We reasoned that either these deaf siblings were compound heterozygotes for another mutation in PCDH15, or they were digenic for a second pathogenic allele in another gene. We tested these siblings for mutations found in GJB2, GJB6, WFS1, Novel mutation at USH1F causes isolated deafness L Doucette et al TMPRSS3 but none were found. Interestingly, cadherin-23, known to interact with protocadherin-15 in the tip links of inner hair cells, is located nearby PCDH15 on 10q21 and digenic interactions have been shown in mice and humans. 24 To test the possibility that CDH23 contained a pathogenic allele, we sequenced the long isoform of CDH23 in deaf D528 carriers and identified 44 variants, including 8 coding variants, all classified as nonpathogenic. 25 To rule out involvement of noncoding elements (5 0 or 3 0 UTR) of CDH23 and PCDH15, we constructed interand intragenic haplotypes across the genomic landscape between PCDH15 and CDH23. We did not observe haplotype sharing among these deaf siblings (Supplementary Figure 1 ). The deaf siblings inherited a different parental contribution. For example, PIDs III-3 and III-5 both inherit a single copy of the ancestral PCDH15 haplotype, but do not share haplotypes on the other homologue. It does not appear that genomic rearrangements and/or deletions are involved as all PCR reactions amplified successfully and alleles segregated in a pattern consistent with Mendelian rules. We conclude that the deaf siblings do not harbor a second pathogenic allele in either PCDH15 or CDH23.
Clinical manifestations in deaf relatives homozygous for the PCDH15 missense mutation Two sisters, individuals PID III-8 and III-12 ( Figure 5 ), underwent extensive clinical testing to rule out features of Usher syndrome type I (USH1). PID III-8 was 46 years, a height of 148 cm (o5th percentile); weight of 53.8 kg (25th percentile) and head circumference of 54 cm (À0.5 SD). No dysmorphic features were observed, ears were normal in position and contour with no tags or pits. Although she was of short stature, this was considered constitutional. Ocular examination revealed no evidence of retinitis pigmentosa (Supplementary Figure 2) . Bithermal caloric tests were performed bilaterally and caloric responses were normal and approximately equal bilaterally. Peak velocities, accuracies, and latencies of horizontal saccades were normal. There was no significant spontaneous, positional or gaze evoked nystagmus. The Dix-Hallpike maneuvre provoked no response either with the right or left ear. Horizontal tracking was normal in both directions. We concluded that PID III-8 does not have other clinical signs or symptoms of Usher syndrome. PID III-12, a 50-year-old female, had a height of 153 cm (5th percentile), weight of 52.4 kg (25th percentile), and head circumference of 55.5 cm (À0.5 SD). Ears were normal in position and contour, no ear tags or pits. Apart from some mild upper facial asymmetry, there were no dysmorphic features. Ocular examination revealed no pigmentary retinopathy, and central visual acuity and electroretinogram including scotopic blue and white, and photopic white and flicker stimuli were normal (Figure 3 ). Caloric responses were normal and approximately equal bilaterally. Peak velocities, accuracies, and latencies of horizontal saccades were normal. There were no reports of tinnitus, aural pressure, balance or dizziness. There was no significant spontaneous, positional, or gaze evoked nystagmus. The Dix-Hallpike maneuvre provoked no response in either the right or left ear. Though based on a small sample set, horizontal tracking was normal in both directions. Horizontal Novel mutation at USH1F causes isolated deafness L Doucette et al optokinetic nystagmus was normal in both directions. We concluded that PID III-12 does not have any extra-aural features of Usher syndrome.
Discussion
The sensations of hearing and balance depend on the deflection of bundles of stereocilia on the apical surface of hair cells within the cochlea and vestibulum of the inner ear. Protocadherin-15 is a member of the cadherin superfamily of calcium-dependent adhesion glycoproteins. It is located at the apical pole of these hair cells and interacts with other cadherins via extracellular cadherin domains (ectodomains, EC) to form crosslinks that hold stereocilia together within a hair bundle. The Ames Waltzer (av) mouse exhibits recessive mutations in Pcdh15 and dis- Figure 4 Two-point LOD scores across the genome; against the deaf trait in Family A. Novel mutation at USH1F causes isolated deafness L Doucette et al into electropotential signals that the brain interprets as sound or acceleration. 27, 28 Both recessive truncating mutations in PCDH15 and CDH23 (and several other genes) cause USH1 (OMIM no. 276 900), the most severe form of Usher syndrome. This is the second report that recessive missense mutations in PCDH15 can also cause nonsyndromic deafness. The first report in 2003, 29 involved screening B400 probands with prelingual hearing loss for markers linked to PCDH15 to test if mutations at the USH1F locus could cause isolated deafness. Three families had recessive mutations in PCDH15, but affected individuals from one of these also had clinical signs of Usher syndrome on follow-up. As a result, two nuclear Pakistani families were reported with two recessive missense mutations in Protocadherin-15. The valine at position 528 that is replaced by an aspartic acid residue in Family A, resides in a highly conserved ectodomain of this USH1 gene and is predicted to be more g.56093974 T4G Missense (S19A) 87 (56) 57 (37) 12 (8) 156 Abbreviation: Wt, wild type.
Novel mutation at USH1F causes isolated deafness L Doucette et al deleterious than R134G in EC1 or G262D in EC2 (Figure 7) . 30 Several minigene constructs have been made of these DFNB23 alleles and the R134G mutation in EC1, but not the G262D in EC2, found to abolish interactions between PCDH15 and CDH23. It was concluded that EC1 of PCDH15 is critical for adhesion and that DFNB23 is caused in part by adhesion defects. 31 Mutations in EC2
were speculated to cause deafness by affecting the mechanical properties of tip links. 28 The position of the V528D missense mutation in EC5 (Figure 6c ) suggests that it may also cause an adhesion defect. Because clinical features of Usher syndrome because of PCDH15 (USH1F) may not present until later in life, 32 we conducted a comprehensive visual and vestibular function testing on adults for clinical signs of Usher syndrome but none was found. Both mouse and human PCDH15 genes have complex genomic structures and transcriptional control mechanisms. 27, 33, 34 Human PCDH15 was identified in 2001 35 and was characterized as having 33 exons (isoform A), the first of which is noncoding. This gene encodes a 1955 amino-acid transmembrane protein and 11 ectodomains, one transmembrane domain and a cytoplasmic tail. 17, 29, 35 Unlike classical cadherins, the protocadherins have each ectodomain encoded by one or more exons. PCDH15 has its 11 ectodomains encoded by 27 exons of the structural gene. 33 Multiple alternative PCDH15 transcripts have been G262 residue, the site of mutation previously identified in a Pakistani family (c) R134 residue, the site of mutation previously identified in a Pakistani family. Arrows indicate residues of interest. Abbreviation: PSIC, position-specific independent count.
Novel mutation at USH1F causes isolated deafness L Doucette et al isolated from the inner ear of mice, some of which have been identified in humans. 27 These transcripts define four major, alternatively spliced isoforms, which include two new cytoplasmic domains. This raises the number of Pcdh15 exons in mice to 39. Three of these isoforms have different spatiotemporal expression patterns in developing and mature hair cells, suggesting a specific role for each isoform in the sensory hair bundle. 27 Another isoform of PCDH15 (isoform B) shares only eight exons (26 -33) with isoform A and contains two distinct exons (25a and 25b) that encode the transcriptional start site. 29 The V528D substitution would not be expressed in protein products of isoform B, as exon 13 encoding EC5 resides upstream of the transcription start site of isoform B.
There is a single report of a monoallelic mutation in PCDH15 (albeit a 6 bp deletion) in a sibling pair with nonsyndromic sensorineural hearing loss from the UK; however, the significance of this variant was unknown. 36 To resolve the fourth sibship in Family A (Figure 1 ) in which deaf relatives were monoallelic for the V528D mutation, we ruled out the possibility that the second pathogenic mutation lies in the interacting cadherin-23 protein by sequence analysis and high-resolution mapping. As no evidence for an interaction was noted, it is more likely that the deaf members in the fourth affected sibship are digenic for the D528 allele and a second pathogenic allele in another gene. Interestingly, Families A and B are both of English extraction, and overlap in geographical location on the south coast of the island. Both also share surnames and have unresolved branches (Figure 1) . We searched for this second allele in both unsolved branches of Families A and B by direct sequencing of CDH23 and TMPRSS3 (data not shown) and haplotype analysis spanning PCDH15 and CDH23, but no other pathological variants were found. We suspect that where unresolved branches of Families A and B intersect, a second deaf allele is involved in a digenic interaction with PCDH15, TMPRSS3, or both. Another possibility is that the deafness in these sibships are caused by mutations in a separate gene or by environmental factors.
The emerging genotype -phenotype correlation at the USH1F locus is consistent with findings in these other USH1 genes. Of the seven USH1 loci that have been mapped (USH1B-USH1H), missense mutations in three of these proteins, namely Myosin 7A (MYO7A: USH1B, DFNA11/ DFNB2), 37 -41 Harmonin (USH1C, DFNB18) 42 and cadherin-23 (CDH23, USH1D, DFNB12) 43 also cause nonsyndromic hearing loss. This study also supports a role for PCDH15 in isolated deafness. Tissue-specific expression of isoforms may determine if mutations in Usher genes cause syndromic or nonsyndromic disease. For example, a mutation at the DFNB18 locus in an exon normally spliced out in the retinal cells may give rise to isolated deafness in the absence of retinal dysfunction. 41 Perhaps the DFNB23 alleles occur in exons not expressed in the eye. Recently, a novel Usher locus (USH1H) has been mapped to chromosome 15q22-23, which also overlaps the nonsyndromic deafness locus DFNB48, raising the possibility that Usher and nonsyndromic deafness may be caused by nonsense and missense mutation at the same gene. 44 This would be the fifth of the seventh Type I Usher loci in which missense mutations in strongly conserved motifs cause nonsyndromic deafness. Exceptions to the genotype -phenotype correlation in Usher syndrome do exist. 45 Variants identified in cases of
Usher syndrome are often presumed to be causative, when they may be rare benign alleles. In a recent report, mRNA studies on four recessive missense mutations classified as Usher mutations (Human Gene Mutation database, HGMD) showed only 1 to alter splicing and result in a truncating mutation. 31 However, a lack of functional assays for Usher genes makes it impossible to test definitively if mutations affect the expression or function of the protein. Extended, multiplex families can provide supporting evidence by demonstrating co-segregation of a variant with neurosensory impairment. However, in general, caution is required in the interpretation of mutations in USH genes in the absence of family studies or functional studies even if in silico analysis suggests a pathogenic role. 46 This is critical for correct molecular diagnosis in Usher syndrome to both confirm the diagnosis and inform treatments that are often gene-specific and time sensitive. 47 For example, early use of cochlear implants may rescue children from a dual neurosensory deficit in cases where the evidence predicts that children will go on to develop retinitis pigmentosa. 48, 49 In this study, DFNB23
alleles predict an isolated deafness, an important distinction from USH1F, as there is no evidence from either the Newfoundland or the Pakistani probands that a positive genetic test in children would predict a double sensory loss like that for USH1.
